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Abstract
In February 2015, the European Space Agency successfully launched the first flight of
their blunt nosed, lifting body re-entry craft, called the Intermediate eXperimental Vehi-
cle (IXV). During re-entry, significant aerodynamic heating was experienced. This thesis
aimed to simulate the peak heating re-entry conditions on a scale model of the IXV within
UQ’s X2 expansion tunnel, with the overall goal of comparing measured heat transfer to
existing CFD data.
A simplified, 1/52 scale model of the IXV for a 45◦ angle of attack, and subsequent
mounting hardware, was successfully designed and machined. A total flow enthalpy of
Ht = 25.285MJ/kg, and binary scaled equilibrium post shock flow density of ρ10,e =
0.02434kg/m3 was achieved using a 90% Helium X2 fill condition, which represented the
scaled peak heating re-entry conditions for Mach 24.67 at 75.42 km altitude.
Seven experiment shots were performed for the scale model at this condition, with the
temperature recorded at six independent model locations using a new design of type-E
thermocouple. The thermocouple design proved to be robust, reliable and resilient. Im-
pulse Response Processing was used to convert the temperature into heat transfer, which
was then compared against the existing CFD data. The maximum experimental heat
transfer was 0.554 MW/m2. Comparison revealed a similiar trend between the exper-
imental and CFD results, with an average positive difference of 0.116 MW/m2. This
indicated that the scale model design, test flow selection and measurement apparatus
were all successful.
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1Introduction
1.1 Background
On the 11th of February 2015, the European Space Agency (ESA) successfully launched
the first flight of the Intermediate eXperimental Vehicle (IXV). The prototype, lifting
body re-entry craft was launched to a maximum altitude of 412 km, before re-entering
the atmosphere at 7,500 m/s in conditions similiar to a low earth orbit (LEO) return [3].
Figure 1.1: The Intermediate eXperimental Vehicle [1]
The purpose of the IXV was to develop and flight test the critical technologies vital for
Europe’s future atmospheric re-entry missions, including [3]:
• Servicing of the International Space Station and satellites,
• High-altitude atmospheric research and earth observation, and
• Robotic exploration
1
SECTION 1.2. TOPIC STATEMENT
Among these critical technologies was the development of the IXV’s ceramic thermal pro-
tection system, which experienced intense aerodynamic heating during re-entry. Quanti-
fying the heating that occurred on the vehicle is a interesting topic, at the forefront of a
new and exciting flight programme.
1.2 Topic Statement
The purpose of this thesis was to successfully simulate the peak heating re-entry condi-
tions experienced during the IXV’s 2015 launch, on a scale model of the IXV within the
University of Queensland’s X2 super-orbital expansion tunnel. The primary deliverable
of this objective was to experimentally determine the heat transfer via the use of ther-
mocouple temperature measurement, and compare this to existing computational fluid
dynamics (CFD) studies for the same condition. A secondary deliverable was to verify
the viability of a new design of type-E thermocouple.
1.3 Thesis Goals
The major goals of the thesis were to:
1. Create an accurate, representative scale model of the IXV.
2. Accurately replicate scaled peak heating re-entry conditions experienced by the IXV
within UQ’s X2 super-orbital expansion tunnel.
3. Experimentally simulate re-entry on the scale model within X2 for the peak heating
re-entry conditions, and record temperature data using type-E thermocouples.
4. Verify the performance of a new design of type-E thermocouple.
5. Compare experimental heat transfer results with existing CFD analysis.
Each goal and subgoal(s) have been detailed in Sections 1.3.1 to 1.3.4.
1.3.1 Goal 1 - Create a Scaled Model of the IXV
To analyse heat transfer inside of the confined space of X2, an accurate scale model of
the IXV must first be created. The model must accurately represent the geometry of the
2
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IXV in regards to the oncoming flow, while also accommodating mounting hardware and
thermocouple instrumentation for temperature data collection. The two major sub-goals
entailed within this goal are:
1. Design the scale model and mounting hardware.
2. Manufacture and assemble the scale model.
1.3.2 Goal 2 - Replicate Scaled Re-entry Conditions within X2
In order to successfully simulate and measure the heat transfer on the scale model, scaled
re-entry conditions must first be accurately replicated within X2. This will involve match-
ing the post-shock conditions, by selecting the most appropriate driver configuration and
tunnel fill pressures. The major sub-goals entailed within this goal are:
1. Select a peak heating re-entry trajectory point from IXV trajectory data.
2. Numerically determine the required X2 fill condition.
3. Experimentally verify/adjust the numerical fill condition.
4. Finalise the required X2 fill condition.
1.3.3 Goal 3 - Experimentally Simulate Re-entry on the Scale
IXV Model
With peak heating conditions successfully replicated, and a scale model built, the exper-
imental shots must be performed. This will involve preparing all the required instrumen-
tation necessary for thermocouple temperature measurement. In order to achieve this,
the following sub-goals must be completed:
1. Successfully set-up the scale model, instrumentation hardware and X2 configuration.
2. Perform the test shots and record the temperature response from the thermocouples.
1.3.4 Goal 4 - Verify Thermocouple Performance
With the experiments completed, the response of the thermocouples can be analysed to
determine whether they performed decently. This will involve:
3
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1. Analysing observed thermocouple performance during experimentation,
2. Comparing trends in the recorded data.
1.3.5 Goal 4 - Compare Experimental and CFD Heat Transfer
Results
This is the final goal, and relies on the outcomes of the previous four. The sub-goals
entailed with this are:
(a) Convert measured temperature data to heat transfer using an impulse response
processing technique,
(b) Analyse and adjust the data to represent the full scale case,
(c) Compare the data to CFD results for the same trajectory condition.
1.4 Project Relevance and Contribution
The recent launch of the ESA’s IXV marks the beginning of future development and use
of blunt nosed, lifting body re-entry craft. As such, the analysis and understanding of
how heat transfer varies over their shape during re-entry, and how to simulate this within
impulse test facilities at scale, is an important and relevant topic.
In terms of contribution, this thesis aimed to broaden knowledge in a variety of specific
fields. Firstly, a comprehensive record detailing the instrumentation that was required for
the use of thermocouples within X2 for heat transfer measurement, was included. This
should be a useful guide for future projects aiming to use similiar equipment. Secondly,
this thesis investigated and validated the use of new type-E thermocouples which will
surely be of use to the teams building and perfecting them. Finally, the process involved
in the creation of the scale IXV model, X2 fill condition and heat transfer results should
contribute to future scale model projects of similiar goals.
4
2Literature Review
2.1 The X2 Expansion Tube
The X2 expansion tube is a free-piston driven, impulse test facility, capable of generating
uniquely high enthalpies and total pressures. X2 consists of a compression tube, driven
tube and test section [4]. Figure 2.1 shows the layout of the X2 expansion tunnel.
Figure 2.1: Schematic of X2 Expansion Tube, from [4]
The driven tube in X2 is capable of being divided into up to three separate sections,
using Mylar diaphragms, allowing the facility to operate as a non-reflected shock tunnel,
a simple expansion tunnel, or an expansion tunnel with secondary driver [4]. For the
purposes of this thesis, X2 was configured as a simple expansion tunnel. X2 utilises a
5
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lightweight, 10.5 kg piston, and can utilise 3 driver operating conditions for a variety of
driver gas mixtures [4].
2.2 Binary Scaling of Test Flows
High temperature hypersonic flows, like those encountered during re-entry, experience
significant real gas effects such as dissociation [5]. In order to correctly simulate these
flows in ground based impulse facilities such as X2, these real gas effects must be matched
[5], and this is most commonly achieved using a scaling law called binary scaling, or ρL
scaling [6, 5, 7].
Binary scaling refers to the method of maintaining a constant binary product, ρL, be-
tween the real flight case and the scale model test flow. ρ refers to the density of the flow
passing over the model, and L refers to the characteristic length of the model, such as nose
radius for a blunt vehicle. Essentially, the large decrease in characteristic length, L, asso-
ciated with creating a scale model is accounted for by an increase in the flow density, ρ [5].
Maintaining a constant binary product results in identical Reynold’s numbers between
flows, but also results in a larger heat transfer on the scale model, which is directly
proportional to the model scaling factor, Sf [5], as shown in equation 2.1.
q˙model = Sf × q˙flight (2.1)
2.3 Type-E Thermocouples
Thermocouples are a versatile, simple and robust type of temperature measurement gauge.
At their base principle, thermocouples are a simple junction between two dissimilar met-
als, which when heated, produces a voltage difference proportional to temperature, due
to the Seebeck effect [8]. Thermocouples are excellent for use in measuring temperature
change in expansion tube tests, as they typically exhibit very high response rates capable
of recording results within the short test times (a few micro seconds) [9]. They are also
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more resilient and are less affected by severely eroding flows (as experienced in stagnation
point measurements), when compared to thin-film resistance gauges [9].
Various metal combinations exist, however Type-E thermocouples are typically used in
high enthalpy tests such as re-entry, as their temperature range, response and resilience
suits these conditions well [5, 10]. Type-E thermocouples are made from chromel and
constantan metals. According to Capra, 2006, type-E thermocouples exhibit the following
properties:
1. Temperature response of 63µV/◦C,
2. Thermal product,
√
ρck = 8900± 600J/m2/K/s0.5
For this thesis, a new design of Type-E thermocouple developed by Prof. David Buttsworth
at USQ was tested. This design features a tapered constantan core, which slots into an
equally tapered chromel annulus. The two cores are insulated by a very thin layer of
oxide, with the only junction between them occurring on the face of the thermocouple
(personal communication with Prof. David Buttsworth).
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2.4 Impulse Response Processing (IRP)
Various methods exist to convert temperature T , measured by thermocouples or thin-film
heat transfer gauges, to heat transfer q˙ in W/m2. This section details a method called
Impulse Response Processing (IRP), which is a computationally efficient heat transfer
processing technique, developed by Martin Oldfield at the University of Oxford.
2.4.1 Breakdown of the IRP method
IRP, like more traditional analytical methods such as those detailed in [9], relies on the
assumption of semi-infinite, one-dimensional heat conduction [11]. This refers to tests
where the run time is very short (<< 1s), allowing temperature measurement gauges
such as thermocouples to be treated as linear time invariant (LTI) systems [12].
For these linear time invariant (LTI) systems, the heat transfer response with time q(t)
can be determined via the measured surface temperature T (t) and an impulse response,
h(t) of the particular system via equation 2.2 [11].
q(t) = h(t)× T (t) =
∫ ∞
−∞
h(τ)T (t− τ)dτ (2.2)
When analysed in a continuous time-domain, equation 2.2 often results in singularities
near the origin [9]. IRP circumvents this issue by operating in a discrete time domain,
where the measured temperature T (t) and resultant heat transfer q(t) have a finite length
of data points sampled at a known frequency, fs [11]. A detailed derivation of the IRP
method can be viewed in sources [11] and [12].
A simplified breakdown of the IRP method, modified from [11], is listed below:
1. A known analytical relationship between semi infinite heat transfer q(t) and tem-
perature T (t) (the basis functions) for a system are known.
2. Using the basis functions, and a set data length and sampling frequency, an impulse
response filter, h(t) is computationally derived.
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3. h(t) is then applied to recorded temperature test data of the same finite length and
sampling frequency used to create it, via a fast Fourier transform filter.
4. This calculates the heat transfer response q(t) from the provided temperature values.
IRP is very computationally efficient, allowing for the same impulse response filter h(t)
to be reused on any set of temperature data, provided that it has the same finite length,
sampling frequency and system basis functions [11].
2.4.2 Applying IRP to Thermocouple Gauges
The system basis functions for a thin-film, semi-infinite substrate heat transfer gauge can
be applied for thermocouples. A thin-film, semi-infinite substrate heat transfer gauge is
illustrated as shown in figure 2.2.
Figure 2.2: Diagram of a semi-infinite, thin-film heat transfer gauge, taken from [11]
There are two basis function relationships between semi-infinite heat transfer and temper-
ature response, for both a step input or impulse of q(t). According to [12], the temperature
response from a unit step input of heat transfer, q(t) = u(t), is characterised by equation
2.3.
T (t) =
2√
ρck
√
t
pi
(2.3)
Similarly, for an impulse of q(t) = δ(t), the temperature response is given by:
T (t) =
1√
ρck
√
1
pit
(2.4)
For these basis functions, Martin Oldfield developed a custom set of Matlab functions
which automatically generate the impulse response filter, h(t), for both converting tem-
perature to heat transfer and visa versa. This was provided as a complete Matlab based
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IRP heat transfer processing package. The impulse response filter command for converting
temperature to heat transfer for the thin-film basis functions was:
h = desT2qsiimp3(fs, np, rrck, test) (2.5)
Where h(t) = impulse response filter , fs =sampling frequency of test data, np = number
of test data points, rrck =
√
ρck and test = optional command for checking accuracy
[11].
The command for calculating q using the impulse response filter h(t) and the test data
T , is given as [11]:
q = fftfilt(h, T ) (2.6)
2.4.3 Verification of IRP against Existing Heat Transfer Data
For the purposes of verifying the accuracy of IRP, a simple test was conducted on existing
experimental data. In 2013, B.R. Capra and R. G. Morgan performed stagnation point
heat transfer measurements on a 1:27.1 scale model of ‘Reentry Environment II flight
vehicle’ within the X1 expansion tube, utilising surface mounted type-E thermocouples
to measure temperature [10]. The measured temperature from this study was utilised
with IRP. The same value of thermal product
√
ρck = 8900J/m2K
√
s utilised during the
original study was chosen. A plot comparing the heat transfer calculated from the IRP
method, and the heat transfer that Capra and Morgan determined, was produced. This
is shown in figure 2.3.
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Figure 2.3: IRP vs. Analytical Heat Transfer from [10]
Figure 2.3 clearly showed that the IRP heat transfer results corroborated closely with
those determined analytically by Capra and Morgan. This indicates that the IRP method
performs accurately.
2.5 Stagnation Point Heat Transfer Estimation
When analysing the behaviour of blunt body vehicles in hypersonic flows, it is very useful
to be able to quickly estimate the maximum heat transfer which will occur, without hav-
ing to conduct a numerically complex analysis. This is useful for performing rough design
or instrumentation calculations, or for simply understanding the order of magnitude of
the heat transfer that is expected.
In general, estimated convective heat transfer, q˙c, is proportional to the free stream density
ρ∞, velocity U∞ and characteristic vehicle length L as per equation 2.7 [5].
q˙c ∝
√
ρ∞
L
U∞ (2.7)
Various empirical correlations have been developed for estimating convective stagnation
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point heat transfer on blunt body vehicles. Many of these methods utilise the proportion-
ality outlined in equation 2.7 with nose radius RN taken as the characteristic length, and
empirical correction factor A applied, as per equation 2.8 [13].
q˙c = A
√
ρ∞
L
U3∞ (2.8)
Sutton and Graves developed an estimation in 1971, which took the dissociation of air
into account. As translated from their original form, the convective heat transfer is given
by equation 2.9 [13, 14].
q˙suttongraves = 1.7415e− 04
√
ρ∞
L
U3∞ (2.9)
Chapman also developed a similiar estimation, given by equation 2.10 [15].
q˙chapman = 1.63e− 04
√
ρ∞
L
U3∞(1−
hw
h∞
) (2.10)
Equation 2.10 takes the enthalpy of the wall, hw and flow, h∞ into account. This can be
neglected for most hypersonic flows as hw << h∞.
If the calculated heat transfer from equations 2.10 and 2.9 is assumed to be constant,
then the simple semi-infinite heat transfer equation 2.11 can be used to roughly estimate
the expected temperature rise for a set time interval, t, and known thermal product
√
ρck
[9].
∆T =
2q˙s
√
t√
pi
√
ρck
(2.11)
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3IXV Scale Model Design
This chapter details the completion of goal 1 - the creation of a representative scale model
of the IXV. The initial driving flight configuration is described. Next, simplifications to
the scale model are outlined, followed by the CAD design of the model and mounting
hardware. Finally, the manufactured model is illustrated.
3.1 Chosen Flight Configuration and Scale
3.1.1 Flight Configuration
During re-entry, the IXV entered with a predicted and actual angle of attack (AoA), α,
of 42.43 and 46.74◦ respectively [3]. The angle of sideslip (AoS) was recorded as being
-0.90◦, and the bank angle as 0.52◦ [3]. The deflection angle of the control flaps, δe, was
variable during the re-entry. A CFD campaign focused on modelling the IXV during
re-entry utilised a flap deflection angle of 10◦ [16].
To replicate the re-entry closely, simplify model design and configuration, and allow com-
parison to the CFD results found in [16], the flight configuration outlined in table 3.1 was
chosen.
Table 3.1: Chosen Flight Configuration
AoA,
(◦)
δe,
(◦)
AoS,
(◦)
Bank Angle,
(◦)
45.0 10.0 0.0 0.0
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Figure 3.1 outlines this configuration as utilised by Pezzella et al., 2012.
Figure 3.1: Chosen Flight Configuration [16]
3.1.2 Model Scaling Factor
Due to size constraints within X2 and other obvious limiting factors, re-creating a full
scale model of the IXV was not feasible. An appropriate scaling factor, Sf , had to be
determined in order to produce a model that:
a. Was small enough to be easily handled,
b. Was small enough to fit within X2’s test section and within the core flow of gas
exiting the X2 nozzle,
c. Was large enough to accommodate instrumentation,
d. Was relatively inexpensive to build,
e. Allowed for appropriate condition scaling.
The biggest deciding factor which influenced the chosen scale was the size of X2’s core
flow out of the nozzle. As discussed by James, 2015, the core flow may be as large or
even larger than the ‘pitot rake’ measurement apparatus, which was a set of 9 pressure
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transducers spaced 17.5 mm apart for a total width of 140 mm [17]. This indicated a core
flow diameter of 140 mm. To ensure that the model rested well within this core flow, a
conservative diameter of 100 mm was chosen.
In conjunction with the chosen model configuration from section 3.1.1, the maximum
allowable scaling factor was calculated using the total length of the IXV, as shown in
Figure 3.2
Figure 3.2: X2 Core Flow Model Sizing
Using simple trigonometry, it can be shown that in order to be exactly 100 mm tall:
Sf =
(0.1/ sin(45))
5.06
= 0.023122 =
1
43.05
(3.1)
To account for the specific model width, outlined in section 3.3, the final chosen scaling
factor was slightly smaller being:
Sf =
1
52
(3.2)
3.2 Scale Model Simplifications
The full scale IXV has a complex geometry. The shape of the vehicle transitions from a
3-dimensional blunt nose, to a tapered, flat windward and curved leeward [2]. The control
flaps are also tilted, with the hinge on each not being orthogonal to the plane of symmetry
[2]. Figure 3.3a shows the shape of the full scale IXV.
Ideally, a fully geometrically representative model of the vehicle should be made in order
to simulate re-entry to the highest degree of accuracy. This would ensure any flow effects
over the rounded edges and tapered underside are correctly re-created, leading to repre-
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sentative flow conditions at any point on the model.
Unfortunately, to create a fully accurate model such as that created by Roncioni et al.
shown in figure 3.3b, would be overambitious for an undergraduate thesis in light of bud-
get, time and instrumentation constraints. A number of simplifications were consequently
applied to the scale model design.
(a) General view of the IXV, from [1] (b) Roncioni et al.’s IXV Scale Model, [2]
Figure 3.3: General IXV View and Accurate Scale Model
3.2.1 Centerline Simplification
Rather than model the full, complex shape of the IXV, the decision was made to recreate
an extrusion of the geometry along the centerline (plane of symmetry). A number of
reasons influenced this decision:
1. Full 3D dimensions were not available which made modelling difficult,
2. Dimensions of the centerline cross section were available [2, 1],
3. A simpler shape meant lower machining and materials cost,
4. Flow along the centerline would still be representative of the IXV’s centerline, for a
large enough width-to-length scale model aspect ratio.
5. CFD data was available regarding heat transfer along the centerline [16].
By extruding out the centerline geometry to a width much greater than that of the
standard shape, a large enough aspect ratio is achieved so that any 3D flow effects at the
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edges of the model do not impact the flow along its centerline. Then, the assumption can
be made that flow conditions along the centerline of the scale model are representative
of the full-scale IXV, allowing it to be compared against CFD data at the centerline.
Figures 3.4 and 3.5 illustrate the basic dimensions including the centerline profile which
were used. Figure 3.6 shows this simplification applied to the scale model.
Figure 3.4: IXV Dimensions from [1]
Figure 3.5: IXV Dimensions from [2]
Figure 3.6: IXV Centerline Simplification
Refer to section 3.3 for the completed IXV model design.
3.2.2 Flap Simplification
Figures 3.3a and 3.5 show the IXV’s flap design. The main features to note are the angled
hinge design, the separation gap between each flap and the total width of the combined
flaps. In order to once again simplify the design and reduce cost, the following changes
were made:
1. The flaps were combined without a gap,
2. The angled hinge was ignored in favour of an orthogonal one,
3. The flaps run as wide as the main body of the scale model.
17
SECTION 3.2. SCALE MODEL SIMPLIFICATIONS
This allowed the flaps to be designed as a simple, separate piece the same width as the
main body of the IXV. Figure 3.7 shows this simplification in action. Refer to figure 3.10
in section 3.3 for the completed flap design.
Figure 3.7: IXV Flap Simplification
3.2.3 Model Geometry Truncation
The main purpose of the scale model was to re-create representative flow conditions along
the heat shielding on the nose, windward and control flaps. Conditions on the top of
the IXV and other areas were out of scope and irrelevant to this study. Therefore, any
geometry past which the flow had already rotated 45◦, as per figure 3.8, was not modelled.
Figure 3.8: Geometry Truncation Simplification
Comparing figures 3.6 and 3.8 illustrates the amount of material this simplification saved.
It also had the benefit of allowing the top surface of the scale model to be machined flat,
which aided in simplifying the mounting scheme (section 3.4).
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3.3 Scale IXV Body and Flap Design
With the flight configuration and scale determined from section 3.1, and the simplifications
discussed in section 3.2 applied, the body and flap pieces of the IXV scale model were
designed. Autodesk Inventor 2017 CAD software was utilised for the entirety of the design
process. The major objectives which motivated the design of both the body and flap were
as follows:
1. Represent the IXV for a 45◦ AoA and 10◦ flap angle,
2. Be sufficiently wide to allow for the centerline simplification (section 3.2),
3. House 6 thermocouples along the centerline, from the stagnation point to the flap.
4. Allow for ease of access to the thermocouples,
5. Be simple to machine, assemble and mount,
6. Be robust.
3.3.1 Scale IXV Body
Figure 3.9 shows the final CAD design of the scale IXV body used for manufacture. The
IXV body was designed to be machined out a single piece of mild steel and houses five of
the six thermocouples. Four M6x1.0 holes serve as mounting points on top of the model,
and two on the rear for attaching the IXV flap. A centered slot provides wiring room and
access to each thermocouple hole. The major dimensions and properties of the design are
detailed in table 3.2. Refer to Appendix A for detailed design drawings.
Table 3.2: Scale IXV Body Details
Material
Width
(mm)
Length
(mm)
Height
(mm)
Mild Steel
1018-7
60 84.485 17.493
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(a) Scale IXV Body Underside (b) Scale IXV Body Topside
Figure 3.9: CAD model of Scale IXV Body
3.3.2 Scale IXV Flap
Figure 3.10 shows the final CAD design of the scale IXV flap used for manufacture. The
flap houses the final thermocouple, and a circular access hole and notch is included to
allow room for wiring and to ease with thermocouple installation. Two M6 clearance holes
on the rear face allow for the flap to be bolted to the IXV body. The major dimensions
and properties of the design are detailed in table 3.3. Refer to Appendix A for detailed
design drawings.
Table 3.3: Scale IXV Flap Details
Material
Width
(mm)
Length
(mm)
Min. Height
(mm)
Max. Height
(mm)
Mild Steel
1018-7
60 12.499 17.493 19.697
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(a) Scale IXV Flap Underside (b) Scale IXV Flap Topside
Figure 3.10: CAD model of Scale IXV Flap
3.3.3 Thermocouple Hole Locations and Assembled Model
(a) Assembled IXV Body and Flap Underside (b) Assembled IXV Body and Flap Topside
Figure 3.11: CAD model of Assembled Body and Flap
Figure 3.11 illustrated the scale IXV body and flap components bolted together. An
important feature to note is that the semi-circular access hole on both pieces lines up,
allowing wiring to pass from the flap thermocouple hole into the access slot within the
IXV body.
Figure 3.12 illustrates a section view of the assembled model, detailing the x-position of
each thermocouple hole.
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Figure 3.12: Scale IXV Thermocouple Hole Locations
The thermocouple holes allow the gauges to be easily slotted into position from within
the access slot and held in place with a small amount of RTV silicone sealant.
3.4 Mounting Hardware Design
A simple, cheap and robust mounting arrangement was designed to hold the IXV scale
model. Since the model was only intended to be tested at a 45◦ angle, a simple 45◦ steel
plate with hollow extension tube was designed. This design allowed the wiring to pass
through and be protected by the mounting hardware, with the added benefit of interfacing
with an already manufactured mounting block. The extension length could also be easily
adjusted by loosening and tightening the clamping bolts. Figure 3.13 outlines the complete
mounting design, and figure 3.14 shows an exploded view of the entire assembly. Refer to
Appendix A for detailed design drawings.
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(a) Mounting Hardware Side View (b) Mounting Hardware Isometric View
(c) Mounting Hardware Front
View
Figure 3.13: CAD model of Mounting Hardware
(a) Full Assembly Exploded Side View
(b) Full Assembly Exploded Isometric View
Figure 3.14: Exploded View of Full Model Assembly
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3.5 Manufactured IXV Scale Model and Hardware
The scale IXV body, flap and mounting hardware described in sections 3.3 and 3.4 were
machined by UQ’s Mansergh Shaw workshop, as per the design drawings in Appendix A.
Figure 3.15 illustrate the final product.
(a) Photo of Machined IXV Model Underside (b) Photo of Machined IXV Model Topside
(c) IXV Scale Model and Mounting Hardware
Figure 3.15: Photos of Manufactured Scale Model
3.6 Summary
A 1/52 scale model of the IXV, for a 45 ◦ AoA and 10◦ flap angle was successfully
designed and built. The model was simplified to represent the centerline flow of the full
scale IXV, and housed 6 thermocouples spaced from the stagnation point down to the
flap. Engineering drawings for both the model and mounting hardware in Appendix A
were used for manufacture. Goal 1 was successfully completed.
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The second step towards simulating the peak re-entry heat transfer on the IXV involved
understanding how to replicate the correct conditions within X2. This chapter breaks
down the completion of goal 2. It details the full process taken to determine the appro-
priate expansion tube fill pressures and driver condition for producing scaled IXV peak
heating re-entry test flow.
4.1 IXV Trajectory
4.1.1 IXV Nominal Trajectory
In 2015 the IXV was successfully launched. The nominal trajectory was closely matched
during the flight [3], with peak heating occurring from approximately 120 - 65 km in
altitude [18]. This trajectory is outlined in figure 4.1, which was modified from [3].
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Figure 4.1: IXV Nominal Trajectory, as modified from [3]
The same trajectory was plotted in terms of binary product ρL versus flight velocity
(modified from [19]), shown in figure 4.2.
Figure 4.2: IXV Velocity vs. Binary Product ρL, modified from [19]
4.1.2 Peak Heating Trajectory and Selected Trajectory Point
Using figure 4.2 and the proportionality between density, flight velocity and characteristic
length with heat transfer (equation 2.7), figure 4.3 was produced. This illustrates how
peak heating occurred between approximately 5 - 7 km/s during re-entry.
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Figure 4.3: IXV Velocity vs. Proportional Heat Transfer
The portion of peak heating trajectory shown in figures 4.1 and 4.3 was re-plotted on an
altitude versus Mach number plot. Figure 4.4 illustrates the trajectory from 120 km to
20 km altitude, modified from [1].
Figure 4.4: IXV Peak Heating Mach vs. Altitude, & Chosen Trajectory Point [1]
With the peak heating trajectory known, a specific point had to be chosen. The chosen
trajectory point was taken to be at M∞ = 24.67, as shown in figure 4.4. The justification
for choosing this point was as follows:
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1. Mach 24.67 (U∞ = 7097.29 m/s) is within close vicinity of peak heat transfer,
indicated on figure 4.3.
2. Existing CFD analysis has been conducted for the IXV at the Mach 25 trajectory
point [16], and Mach 24.67 is sufficiently close.
Table 4.1 outlines the free-stream properties for the selected trajectory point.
Table 4.1: Free Stream Properties of Trajectory Point
Parameter Value Description
U∞ 7097.29 m/s Velocity
M∞ 24.67 Mach no.
H 75.423 km Altitude
T∞ 205.830 K Temperature
P∞ 1.92784 Pa Pressure
ρ∞ 3.2639e− 05 kg/m3 Density
Ht 25.19 MJ/kg Total Enthalpy
4.2 Scaling Post Shock Conditions
It is necessary to match the post shock conditions rather than the free-stream conditions
when replicating a flow condition in an expansion tunnel. While total enthalpy of the
free stream is easily met, the flow is inherently different. This is primarily caused by
a significant portion of the test flow enthalpy being stored as static enthalpy (generally
5-10%), due to high free stream temperatures produced in expansion tunnels [17]. This
leads to lower Mach numbers than desired and subsequently different flow conditions over
the test model.
In order to calculate the scaled post shock conditions, first the full-scale post shock con-
ditions were calculated. The flow at the stagnation region was treated as a normal shock
utilising the free-stream properties outlined in table 4.1. The numerical tool, Chemical
Equilibrium with Applications (CEA) developed by Gordon and McBride [20, 21] was
used to calculate the post shock binary product ρL and Reynolds number for the full
scale vehicle length of L = 4.4 m. Next, the model scaling factor of 1/52 (refer to sec-
tion 3.1) was applied and the density calculated so that the scaled ρL product remained
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the same as the full scale case. Table 4.2 outlines the full-scale and scaled post shock
conditions.
Table 4.2: Full-scale and Scaled Post Shock Conditions
Full Scale
L = 4.4m
Scaled
L = 0.0846m
ρL, kg/m2 2.5586e-03 2.5574e-03
ρ10,e, kg/m
3 5.8151e-04 0.03023
Re 6013.93 -
Ht, MJ/kg 25.19 25.19
For the purpose of simulating heat transfer, the most important parameters were the
scaled post shock density, ρ10,e and total flow enthalpy Ht. With both of these now
known, further steps were taken to develop an appropriate expansion tube fill condition.
4.3 Determining the X2 Fill Condition
4.3.1 Computational Simulations
The desired scaled equilibrium post shock density ρ10,e = 0.03023kg/m
3 and total en-
thalpy Ht = 25.19MJ/kg were utilised as design points for determining appropriate X2
fill conditions. This was achieved numerically, using X-labs home brew expansion tube
simulation code PITOT, developed by C. James et al [22, 17]. The major variables which
alter the created test flow within X2 were as follows:
1. The driver configuration - Driver gas type, fill pressure and primary diaphragm
thickness.
2. The driven configuration - Shock and acceleration tube fill pressures (p1 and p5).
Due to the relatively low total enthalpy of the desired condition, the weakest primary
diaphragm thickness of 1.2mm was chosen. The driver gas type and pressure were limited
to three driver conditions in order of ascending capability:
1. 90 % Helium, 10% Argon (90%He/10%Ar), 4.85 MPa
2. 95 % Helium, 5% Argon (95%He/5%Ar), 4.85 MPa
3. 100 % Helium (100%He), 4.85 MPa
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p1 and p5 were the main variables, and were independently changed for each driver con-
dition simulation over a large range of values. Plots were made which compared the
calculated equilibrium post shock density, p10,e, and total flow enthalpy for each driver
condition for varying p1 and p5. Figures 4.5 and 4.6 show the calculated total enthalpy
and scaled post shock density respectively, for multiple fill pressures using the 90% He
condition.
Figure 4.5: PITOT Calculated Total Enthalpy, 90% He Driver
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Figure 4.6: PITOT Calculated Scaled Post Shock Density, 90% He Driver
A condition was desired that either crossed or passed close to the dotted selection lines
on both graphs. Similiar graphs were created for the 95% and 100% helium drivers also.
From these plots, the following fill conditions were deemed necessary for experimental
confirmation:
Table 4.3: Selected X2 Conditions for Testing
90% He, 10% Ar 100% He
p1 4 kPa 4 kPa
p5 24 Pa 24 Pa
4.3.2 Testing and Finalising Fill Conditions in X2
The two X2 fill conditions outlined in table 4.3 were conducted and test shots fired. The
specific test shots were:
1. 90% He test condition - Shot x2s3239
2. 100% He test condition - Shot x2s3238
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Figure 4.7 shows the flow passing over the Pitot pressure probe measurement apparatus
for the 90% He condition.
Figure 4.7: Shot X2s3239
The recorded pressure transducer data along the expansion tube, and from the pitot
probes in the test section, were used to calculate the pressure and velocity of the flow
for each shot. The recorded experimental results were used then to optimise the PITOT
theoretical calculations for the same conditions.
The final calculations revealed that the 90% He, 10% Ar condition was valid for the
IXV scale model at the Mach 24.67 trajectory point. Tables 4.4 and 4.5 outline the fill
condition and flow properties calculated for this condition.
Table 4.4: Mach 24.67, Final X2 Fill Condition
Fill Condition Details
Driver
Gas
Driver
Pressure
Primary
Diaphragm
p1 p5
90%He, 10%Ar 4.85 MPa 1.2 mm Steel 4 kPa 24 Pa
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Table 4.5: Mach 24.67, Final X2 Fill Condition Flow Properties
Flow Properties
P , Pa
Temp.,
T , K
Vel.,
U , m/s
Mach,
M
Dens.,
ρ, kg/mˆ3
Ht,
MJ/kg
Nozzle Exit,
State 8
(freesteam)
626.54 1300.7 6953.9 9.91 1.67e-03
25.285
Post Equilibrium
Shock,
State 10,e
75904.0 6838.5 6476.3 3.43 0.02434
Comparing the post equilibrium shock densities, ρ10,e, and total enthalpy Ht from tables
4.2 and 4.5 shows that the final X2 fill condition is reasonably close to the desired flow
properties for the Mach 24.67 trajectory point. The theoretically achieved post shock
density, and total enthalpy are within 19.483% and 0.3757% respectively.
4.4 Estimation of Stagnation Point Temperature Rise
With the scaled post shock and expected experimental flow conditions determined in
sections 4.2 and 4.3 respectively, an estimate of the expected stagnation point heat trans-
fer can be calculated. This estimate is required to configure the gain for amplification
instrumentation, as detailed in section 5.2.
4.4.1 Heat Transfer and Temperature Rise Calculations
As discussed in literature review section 2.5, the empirical equations for the Chapman,
and Sutton & Graves stagnation point estimations are illustrated in equations 2.10, [15]
and 2.9 [13, 14] respectively.
q˙chapman = 1.63e− 04
√
ρ∞
L
U3∞(1−
hw
h∞
) (2.10)
q˙suttongraves = 1.7415e− 04
√
ρ∞
L
U3∞ (2.9)
These equations were utilised for the following parameters:
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Table 4.6: Stagnation Point Estimation Values
Parameter Value
ρ∞ kg/m3 1.67e− 03
U∞ 6953.9 m/s
RN 17 mm
The Chapman and Sutton & Graves estimates are shown in equations 4.1 and 4.2 respec-
tively.
q˙chapman = 17.17MW/m
2 (4.1)
q˙suttongraves = 18.347MW/m
2 (4.2)
Therefore, depending on the method chosen, the convective stagnation heat transfer on
the scale model is estimated to be:
17.17 < q˙c < 18.347MW/m
2 (4.3)
Assuming a thermal product of
√
ρck = 8900 from [5], and an effective test time of 100
µs, equation 2.11 for semi-infinite temperature rise under constant heat transfer can be
used to estimate the temperature rise [9].
∆T =
2q˙s
√
t√
pi
√
ρck
(2.11)
The calculated rise in temperature is expected to be approximately:
21.77 < ∆T < 23.26◦C (4.4)
4.5 Summary
This section outlined the process taken to determine the required X2 fill condition for
simulating the scaled post shock conditions on the IXV model. A 90% He, 10% Ar
condition was chosen, with total enthalpy Ht = 25.285MJ/kg and scaled post shock
density 1.67e− 03kg/m3. Goal 2 was hence successfully completed.
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5.1 Overview
In theory, the principle of measuring the voltage across a thermocouple or thin film gauge
is simple. However, the situation becomes considerably more involved when put into
practice on an expansion tunnel, in which the following obstacles must be overcome:
1. Very short test times of around 100 µs.
2. Signal interference from both test flow ionization and AC equipment.
3. Signal transfer from a pressure sealed test chamber.
A range of instrumentation equipment is required to circumvent these obstacles, ranging
from purpose built amplifiers to simple wiring harnesses. Figure 5.1 illustrates a basic flow
chart of the instrumentation used for this project. This chapter outlines the designed and
chosen instrumentation which allowed for successful temperature measurement, in detail.
Figure 5.1: Instrumentation Flow Diagram
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5.2 Thermocouple Amplifier
5.2.1 Description
As mentioned in section 2.3, type-E thermocouples typically produce 63µV/◦C. A signal
this small would be very difficult to analyse without amplification, and so an amplifier
is required to raise the signal to usable levels. Due to the very short test times inherent
with expansion tubes, the amplifier must be able to respond within 1µs to capture the
response in time. This calls for specialised, fast response amplification.
A 10 channel thermocouple amplifier, designed by Barry Allsop in 1993, was utilised for
this project. This amplifier can be viewed in figure 5.2 and had the following features:
1. 10 channel independent amplification.
2. Adjustable gain from 100 through 5000.
3. Response time of 1µs.
4. In-built resistance check for each channel.
5. 25-way connector signal input and BNC signal output.
Figure 5.2: 10 Channel Thermocouple Amplifier
5.2.2 Signal Gain
Determining an Appropriate Gain
As outlined in section 4.4, the largest conductive heat transfer estimate for the chosen
fill condition was 18.347MW/m2, corresponding to a temperature rise of approximately
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23.26 ◦ C. This would correspond to a temperature rise of 63µV/◦C×23.26◦C = 1465µV .
A signal gain to sufficiently amplify this small voltage needed to be chosen to facilitate
easy data manipulation. With the data-logging limited to a maximum range of ±10V ,
and the available signal gain settings for the amplifier known, a gain of 2000 was deemed
appropriate. This would result in an expected measurement of 2000× 1465µV = 2.93V ,
providing sufficient signal size while still allowing plenty of head room in case of larger
temperature signals.
Confirming the Individual Channel Gain
With the amplifier configured to provide a 2000 signal gain, it was necessary to confirm
that this was indeed accurate for each channel. To test the individual channel gains, the
following hardware was utilised:
1. Signal Attenuator Box and Power Supply
2. Multimeter
3. Thermocouple Amplifier
The signal attenuator is a highly accurate signal generation box capable of producing
a range of voltages. This was set to produce a 5 mV signal, which was then sent into
the input of each channel on the thermocouple amplifier. The multimeter was used to
measure the resting voltage of each channel (the output voltage with no signal input), as
well as the output voltage with the 5mV input signal. The results are outlined in table
5.1.
Table 5.1: Measured Thermocouple Amplifier Gains
Channel
Input Signal
(V)
Resting Voltage
(V)
Amplified Voltage
(V)
∆V
(V)
Gain
1 0.005 0.657 10.647 9.990 1998.00
2 0.005 0.055 10.035 9.980 1996.00
3 0.005 0.216 10.212 9.996 1999.20
4 0.005 0.337 10.327 9.990 1998.00
5 0.005 0.169 10.159 9.990 1998.00
6 0.005 0.178 10.172 9.994 1998.80
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This test confirmed that the amplifier was functioning correctly in the 2000 gain config-
uration. The specific values identified in table 5.1 were utilised for data processing.
5.3 Wiring Scheme and Harness Design
5.3.1 Wiring Harness Design
The purpose of the wiring harness was to easily and robustly connect all the signal channels
from the thermocouple gauges into a single connector, which could be used to pass the
signals through the instrumentation plate and outside of the tunnel for amplification.
Therefore, the harness had to fulfil the following design requirements:
1. Robustly and easily connect to each gauge
2. Facilitate at least 6 signal channels
3. Interface with the instrumentation plate
4. Be shielded to avoid signal interference
In order to fulfil these requirements, the following materials/off the shelf components were
chosen to construct the wiring harness, as detailed in table 5.2.
Table 5.2: Wiring Harness Components
Description No. RS Component Number
25-Way Nickel Plated D-Sub Backshell 1 447-7369
25-Way D-sub Connector Socket 1 470-904
5 Pin Subminiature Connector Plug 8 464-381
5 Pin Subminiature Connector Socket 8 464-410
Belden 9452 two-conductor shielded cable - -
For easily connecting with each signal channel, 5-pin sub-miniature connectors were cho-
sen. A female 25-way port and backshell were chosen as the main connector to house all
the channels and interface with the instrumentation plate. Belden 9542 shielded wiring
cable was utilised for all channels to facilitate two shielded signal wires and a ground. Fig-
ures 5.4, 5.3a and 5.3b illustrate the 5-pin connectors, 25-way connectors and backshell
respectively.
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(a) 25-Way Female Connector (b) 25-Way Connector Backshell
Figure 5.3: 25-Way Female Connector and Backshell
Figure 5.4: 5-Pin Subminiature Connector Plug and Socket
Figures 5.5 and 5.6 illustrate the pin numbers and layout for the solder view of the female
25-Way and 5-Pin connectors respectively. Figure 5.7 details a schematic of the wiring
harness and the individual pins that each channel utilised, and this should be viewed in
conjunction with table 5.3.
Figure 5.5: 25-Way Connector Pin Diagram
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Figure 5.6: 5-Pin Connector Pin Diagram
Figure 5.7: Harness Wiring Diagram
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Table 5.3: Wiring Harness Connection Table
Pin No.
Signal 25-Way Connector 5-Pin Connector
All Ch.’s Ground 13 3
Ch. 1
+ve 1 4
-ve 14 5
Ch. 2
+ve 2 4
-ve 15 5
Ch. 3
+ve 3 4
-ve 16 5
Ch. 4
+ve 4 4
-ve 17 5
Ch. 5
+ve 5 4
-ve 18 5
Ch. 6
+ve 6 4
-ve 19 5
Ch. 7
+ve 7 4
-ve 20 5
Ch. 8
+ve 8 4
-ve 21 5
In addition to the 8-channel design described above, a similiar 6-channel wiring harness
was also created. This allowed for simple cabling during the combined thermocouple
and thin-film gauge experiments. Figure 5.8 shows the completed harnesses, which were
hand-soldered.
Figure 5.8: Constructed Wiring Harnesses
5.3.2 Thermocouple Gauge Wiring Scheme
In order to wire the thermocouples, the same shielded cable and 5-Pin male connectors
outlined in table 5.2 were utilised. A 1.9m length of cable was soldered to each ther-
mocouple and connector. As illustrated in figure 5.9, the positive wire was attached to
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the chromel annulus, and the negative to the constantan core. The ground wire was also
attached to the annulus - this served the purpose of removing any interference from flow
ionisation which would otherwise introduce noise into the recorded signal.
Figure 5.9: Thermocouple Wiring Diagram
As per wiring table 5.3, the positive, negative and ground wires were routed to pins 4,
5 and 3 respectively on the male 5-Pin connector. Figures 5.10a and 5.10b show the
soldered connection and completed wiring respectively.
(a) Thermocouple Soldered Pins (b) Completed Thermocouple Wiring
Figure 5.10: Photos of Thermocouple Wiring
5.3.3 Diamond Thin-film Gauge Wiring Scheme
The diamond thin-film gauges were wired in a similiar fashion to the thermocouples, with
the only distinct difference being the lack of a ground wire. This was not necessary as
the thin-film gauges were much more resilient to signal interference, and it would impede
their function. Figure 5.11 illustrates the wiring scheme, as per table 5.3. Figure 5.12
shows the completed wiring.
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Figure 5.11: Diamond Thin-Film Gauge
Figure 5.12: Completed Diamond Thin-Film Gauges
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5.4 Instrumentation Plate and Adapter
The designation ‘instrumentation plate’ refers to the circular plate mounted to the bottom
of the X2 test section, which houses all the required instrumentation ports. This allows
for transference of internal instrumentation signals to external amplification and data
logging.
5.4.1 Original Instrumentation Plate Issues
The standard X2 instrumentation plate, pictured in figure 5.13, housed four 25 way ports,
of which only two were fully wired up. Initial attempts to utilise the ports revealed they
were poorly maintained and clogged with 10 years of shot debris, resulting in noisy, un-
reliable connections.
Another solution had to be found, which is detailed in section 5.4.2. For future use of the
original X2 plate, it is recommended that:
1. The four 25-way female ports be fully replaced with new 25-way male plugs, which
are more resilient to fine debris.
2. The internal ports are covered when not in use to prevent damage and ingress of
debris.
Figure 5.13: Original X2 Instrumentation Plate
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5.4.2 Re-purposed Instrumentation Plate
An unused instrumentation plate, originally created for UQ’s T4 shock tunnel, was rescued
from the recycling bin (a special thanks to Christopher James and Keith Hitchcock for
this). Testing revealed that all four 25-way plugs were fully functional and noise free.
Figure 5.14 illustrates the re-purposed instrumentation plate.
Figure 5.14: Re-purposed Instrumentation Plate
The diameter of the re-purposed plate, it’s bolt pattern and o-ring seal were much smaller
than the reciprocal on the X2 test section. As such, an adapter plate was designed.
5.4.3 Adapter Design
Using Autodesk Inventor 2017, an adapter plate to mate the re-purposed T4 instrumen-
tation plate to the X2 test section was designed. The major features of the plate were as
follows:
1. Material = Aluminium
2. Outer bolt PCD = 246 mm x 12
3. Inner bolt PCD = 207 mm x 8
Refer to Appendix A for design drawings of the adapter plate.
Figure 5.15a illustrates the instrumentation plate CAD model, and Figure 5.15b shows the
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adapter plate successfully bolted to the re-purposed instrumentation plate and attached
to the tunnel.
(a) Adapter Plate CAD Model (b) Installed Instrumentation Plate & Adapter
Figure 5.15: Instrumentation Adapter Plate
5.5 Full Instrumentation Set-Up and Methodology
The following steps were taken in order to set-up the experiment shots within the X2
expansion tunnel.
1. The scale IXV model was assembled.
2. Using RTV silicone sealant, thermocouples 1 to 6 were sealed into their respective
holes along the model and left for 3 hours to dry as per figure 5.16.
(a) Sealing in the thermocouples (b) Thermocouples installed
Figure 5.16: Installing Thermocouples
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3. The mounting plate and pipe were inserted into the mounting bracket and tightened.
4. The thermocouple wires were carefully inserted through the mounting pipe, and the
mounting plate was bolted to the scale IXV model.
5. The wiring harness was attached to each thermocouple, and protective rubber hose
was attached to the exposed wiring, as per figure 5.17.
Figure 5.17: Assembled IXV model with wiring.
6. The assembled model was installed into the X2 test section, so that it was level and
in line with the nozzle, as per figure 5.18.
Figure 5.18: IXV model installed in X2 test section
7. The wiring harness was connected to the instrumentation plate, and all output
channels were routed to the thermocouple amplifier inputs. The amplifier outputs
were then routed to the data logging computer.
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8. The resistance on each thermocouple was checked using the thermocouple amplifier.
The thermocouples were gently re-burnished with a piece of 120 grit sandpaper until
a resistance from 1 - 4 Ω was achieved, and then the final resistances were recorded.
9. The tunnel was sealed, pumped down to the required fill pressures for the shot, and
then fired. The recorded thermocouple voltages were saved.
10. The tunnel was opened, and the position of the IXV model was checked and read-
justed if necessary.
11. If the thermocouples had moved out of position, the model was removed and steps
2 - 7 were repeated.
12. Steps 8 - 11 were repeated for each test shot.
5.6 Summary
Chapter 5 detailed a comprehensive record of the instrumentation chosen, designed and
built for ensuring that the thermocouple voltages could be successfully recorded during
experimentation. The major points to note were that the thermocouple amplifier was set
to a gain of 2000 due to the expected low temperature response estimates. A detailed
wiring scheme was included, showing the individual pins that each thermocouple channel
utilised on the 25-way and 5-pin connectors respectively. An adapter plate was built to
allow for a working instrumentation plate to be used on X2. Finally, the methodology
followed during experimentation was outlined. This completes goal 3.
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This chapter details the experimentally recorded results, for both type-E thermocouple
performance analysis (goal 4) and for heat transfer data analysis and comparison to CFD
results (goal 5). An overview of all the experimental shots is provided. Next, the observed
test flow properties and shot performance are discussed. After this, the performance of
the thermocouples is discussed with regards to resistance change over time, and also
voltage response. The temperatures recorded are analysed, and the heat transfer results
are generated using impulse response processing and then discussed for the scale model.
Finally, the the scale model heat transfer is adjusted to represent a full scale case and
compared to CFD results.
6.1 Overview of Shots
In total, nine shots were fired in X2 at the scale IXV model. Of these nine, seven were at
the specified fill condition outlined in section 4.3.2. The remaining two were for different
fill conditions pertaining to separate studies, and their inclusion is purely for the purposes
of tracking the resistances of the thermocouples with wear. As mentioned in section 4.3,
a test shot was fired for the purposes of determining the correct fill conditions - this is
also included for shot performance comparison purposes. Table 6.1 details each shot.
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Table 6.1: Overview of X2 Shots
Shot Name Description
x2s3239 Test shot for determining final fill conditions
x2s3303 Experiment shot - TC’s in all positions
x2s3304 Experiment shot - TC’s in all positions
x2s3305 Experiment shot - TC’s in all positions
x2s3306 Experiment shot - TC’s in all positions
x2s3307 Experiment shot - TC’s in all positions
x2s3308 Experiment shot - TC’s in all positions
x2s3323 Experiment shot - Thin film gauge in pos. 1, all others TC
x2s3324 Different fill condition - Thin film gauge in pos. 4, all others TC
x2s3326 Different fill condition - Thin film gauge in pos. 4, all others TC
6.2 Shot Performance
6.2.1 Shot Performance Comparison
As shown in table 6.1, X2 shots 3329, 3303-3308 and 3323 were all fired for the same fill
condition determined for scaled IXV Mach 25 re-entry. It was necessary to compare the
performance of these shots to either verify that: 1. Similiar shock speeds (and hence flow
conditions) were achieved between experiments, or 2. Explain variations in experimental
data.
An automated code, developed by Christopher James at UQ, was utilised to compare
measured shock speeds in both the acceleration and shock tube portions of X2 for these
shots (personal communication). The shock speeds were calculated from wall-mounted
pressure transducers (sd1 - sd3 and at4 - at6), by measuring the time delay between shock
arrival. The following sources of error were taken into account during calculation of shock
speed [17]:
1. 2 mm positional accuracy for the location of each transducer.
2. 0.4 µs time error in the sampling rate of each transducer.
3. Uncertainty in the speed calculated from two independent data points.
The standard deviation of the mean acceleration and shock tube shock speeds was used
to calculate a 95% confidence interval, for the purposes of illustrating the statistical dis-
tribution of measured data. Figures 6.1 and 6.2 illustrate the shock tube and acceleration
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tube shock speeds and distribution respectively.
Figure 6.1: Measured Shock Tube Shock Speeds, shots 3329, 3303-3308 and 3323
Figure 6.2: Measured Acceleration Tube Shock Speeds, shots 3329, 3303-3308 and 3323
6.2.2 Images of Test Flow
A high speed camera (Shimadzu HPV-1) was utilised during each experiment to capture
the test flow passing over the scale model. The flow generated in X2 for this condition
was powerful enough that shocked gas over the model fluoresced, allowing the shape of
the flow to be captured using the camera. Note that the recorded flow time on each image
is delayed by approximately 30 µs relative to flow arrival.
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(a) Accelerator Gas Arrival - 26µs (b) Test Gas Arrival - 50µs
(c) Test Flow Establishing - 58µs (d) Test Flow Established - 70µs
(e) Test Flow Established - 90µs (f) End of Test Flow - 110µs
(g) Arrival of Driver Gas - 130µs (h) Driver Gas Flow - 202µs
Figure 6.3: Shot x2s3305 - Recorded Test Flow Images
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6.2.3 Discussion of Shot Performance
Regarding Measured Shock Speeds:
Figures 6.1 and 6.2 both show that the majority of shots fired for the scaled Mach 25
IXV re-entry condition all fall within a 95% confidence interval based on the standard
deviation of the mean. Shot x2s3239 which was a test shot to help determine the fill
conditions, and instrumented experiment shots x2s3303-3308, were all grouped well within
the confidence interval. Shot x2s3323, however, was consistently slower in both shock tube
and acceleration tube measurements, falling outside of the standard deviation. From these
results, in should be inferred that similiar flow conditions were established between shots
x2s3303-3308, with shot x2s3323 resulting is a slower (and hence lower enthalpy) flow
condition than the rest.
Regarding Observed Test Flow Characteristics:
For each experiment shot, high speed photography was used to capture the shape and
development of the flow over the scale IXV model, as exemplified by figure 6.3. Figure
6.3 was specifically for shot x2s3305, however it was taken as a representation of flows
x2s3303-3308 due to similiar flow development recorded for these shots. It was evident
from the recorded images that the test flows:
1. Had a usable, established test flow time of approximately 50µs (compare figures
6.3c and 6.3f),
2. Experienced consistent fluctuations in intensity during the test time, inferring that
the test flow was not very steady for the chosen condition. Illustrated by comparing
the shape of image 6.3c, and also the intensity of images 6.3d, 6.3e and 6.3f.
The consistent fluctuation in test flow properties during the test time for shots x2s3303-
3308 is a major observation. Consequently, this may have caused fluctuations in heat
transfer during the test time, and this is explored further in section 6.5.
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6.3 Thermocouple Performance Results
6.3.1 Thermocouple Resistances
After each shot, all the thermocouples were re-burnished in order to ensure a decent junc-
tion between the constantan and chromel was established. This lead to different resis-
tances between shots depending on the quality of the junctions achieved. The resistance
across each thermocouple prior to each shot was recorded using the in-built resistance
gauge on the thermocouple amplifier.
The recorded resistances for the shots x2s3303-3308 are detailed below in table 6.2.
Table 6.2: Measured thermocouple resistances (Ω) for shots 3303-3308
Shot Number
Position TC 3303 3304 3305 3306 3307 3308
1 1 5 1.8 1.4 1.4 1.4 1.3
2 2 14.4 4.5 4 4 4.1 3.5
3 3 2.6 3.4 1.4 1.4 1.5 1.4
4 4 3.1 3.2 1.4 1.4 1.4 1.4
5 5 3.4 2.9 1.1 1.2 1.2 1.4
6 6 2.4 2.2 1.5 2.1 1.7 2
The thermocouple resistances for test shot 3323, which utilised a single thin-film gauge
in position 1, and swapped TC 6 for TC 1, is outlined in table 6.3
Table 6.3: Measured thermocouple resistances (Ω) for shot 3323
Position TC Ω
1 - -
2 2 4.4
3 3 1.3
4 4 1.2
5 5 1.1
6 1 1.1
The thermocouple resistances for shots 3324, 3326 and after 3326 are detailed below in
table 6.4.
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Table 6.4: Measured thermocouple resistances (Ω) for shots 3324 and 3326
Position TC 3324 Ω 3326 Ω End Ω
1 5 1.4 1.9 1.5
2 2 3.3 3.8 1.5
3 3 1.3 1.4 1.3
4 - - - -
5 4 1.2 1.4 1.5
6 1 1.2 1.2 100
Figure 6.4 outlines the recorded thermocouple resistances across all 10 shots. Note that
thermocouple 6 was only used for the first 6 shots, and thermocouple 1 had a very large
resistance of 100 Ω at the end of the test campaign, which was not fully shown on figure
6.4 for scaling purposes.
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Figure 6.4: Thermocouple Resistance Plot
6.3.2 Thermocouple Voltage Response
The gathered voltage data from each individual thermocouple across shots x2s3303 to
x2s3308, was combined and plotted. This allowed the performance of each individual
thermocouple with time and varying resistance to be visualised, as shown in figure 6.5.
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Shot 3304, 1.8 Ω
Shot 3305, 1.4 Ω
Shot 3306, 1.4 Ω
Shot 3307, 1.4 Ω
Shot 3308, 1.3 Ω
(a) Thermocouple 1
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TC 2 Data for shots ['3303', '3304', '3305', '3306', '3307', '3308']
Shot 3303, 14.4 Ω
Shot 3304, 4.5 Ω
Shot 3305, 4.0 Ω
Shot 3306, 4.0 Ω
Shot 3307, 4.1 Ω
Shot 3308, 3.5 Ω
(b) Thermocouple 2
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TC 3 Data for shots ['3303', '3304', '3305', '3306', '3307', '3308']
Shot 3303, 2.6 Ω
Shot 3304, 3.4 Ω
Shot 3305, 1.4 Ω
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Shot 3307, 1.5 Ω
Shot 3308, 1.4 Ω
(c) Thermocouple 3
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TC 4 Data for shots ['3303', '3304', '3305', '3306', '3307', '3308']
Shot 3303, 3.1 Ω
Shot 3304, 3.2 Ω
Shot 3305, 1.4 Ω
Shot 3306, 1.4 Ω
Shot 3307, 1.4 Ω
Shot 3308, 1.4 Ω
(d) Thermocouple 4
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TC 5 Data for shots ['3303', '3304', '3305', '3306', '3307', '3308']
Shot 3303, 3.4 Ω
Shot 3304, 2.9 Ω
Shot 3305, 1.1 Ω
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Shot 3308, 1.4 Ω
(e) Thermocouple 5
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TC 6 Data for shots ['3303', '3304', '3305', '3306', '3307', '3308']
Shot 3303, 2.4 Ω
Shot 3304, 2.2 Ω
Shot 3305, 1.5 Ω
Shot 3306, 2.1 Ω
Shot 3307, 1.7 Ω
Shot 3308, 2.0 Ω
(f) Thermocouple 6
Figure 6.5: Combined Thermocouple Voltages across Shots x2s3303-3308
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6.3.3 Discussion of Thermocouple Performance
Regarding Resistance over Time, Robustness and Lifespan:
Tables 6.2 to 6.4, and figure 6.4, show the recorded resistances for each thermocouple
across the experimental campaign. A common downward trend between thermocouple
resistance and the number of shots experienced by each thermocouple was clearly illus-
trated. During experimentation, it was also noticed that the thermocouples were less
likely to have become open circuit (loss of junction), corresponding to the increase in
number of shots they were exposed to. It is believed both of these trends were resultant
from an accumulation in the junction size between the core and annulus, corresponding
to the number of times the thermocouples were re-burnished. Figure 6.4 also showed
that the thermocouples were very long-lived, with all surviving the entire experimental
campaign excluding TC 1, which was unrecoverable after the final shot. Re-burnishing
and recovery of the thermocouples after each shot proved to be both easy and reliable.
Therefore, this type-E thermocouple design was concluded to be very robust.
Regarding Voltage Response:
Figure 6.5 illustrated the voltage response of each thermocouple across the experimental
campaign, with varying resistance. It is clear that the resistance of the thermocouple
junction directly effected the level of signal noise and clarity produced. This is most eas-
ily illustrated on sub-figures 6.5a and 6.5b for shot x2s3303, in which the relatively large
thermocouple resistances for TC 1 and TC 2 produced extremely noisy responses. In the
proceeding shot, x2s3304, the same thermocouples re-burnished with a better junction,
responded with significantly less noise. This trend can be seen on every sub-figure.
Excluding very noisy responses, figure 6.5 illustrated that each thermocouple responded
with a relatively similiar shape between experiments during the test flow. For example,
sub-figure 6.5b showed the same general shape between shots x2s3303-3308 for the first
150 µs, as with shots x2s3305-3308 on sub-figure 6.5a. This indicates a consistent flow be-
haviour between shots. Differences in magnitude are present, and this could be explained
in part due to small variations in the flow speed.
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6.4 Temperature Results
6.4.1 Thermocouple Temperature Results
The recorded voltages, outlined in figure 6.5, show the thermocouple signals amplified by
a gain of 2000. The amplified voltage was converted into temperature via equation 6.1.
Temperature =
V oltageamplified
Gain× Sensitivity =
Vamplified
2000× 63µV/◦C (6.1)
For illustration purposes, figure 6.6 shows the calculated temperature for shot x2s3307,
with each channel normalised so they all began at 0 ◦C. Refer to Appendix B for plots
of the normalised temperature data for each shot. This plot was generated using Matlab
2012a software.
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Figure 6.6: Normalised Temperature for Shot x2s3307
Figure 6.6, and those in Appendix B, clearly show that the unfiltered temperature is
subject to signal noise. This noise must be reduced prior to processing the temperature
for heat transfer, and so a simple moving average filter was applied to the normalised
temperature. The ‘window’ size (the portion of data surrounding the current data point
to be averaged) for the moving average filter was chosen to be 15µs. As an example to
58
SECTION 6.4. TEMPERATURE RESULTS
illustrate the differences between the raw and moving average filtered temperature data,
refer to figure 6.7 for shot x2s3307.
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Figure 6.7: Moving Average vs. Raw Temperature Data, shot x2s3307
6.4.2 Discussion of Thermocouple Temperature Results
The temperature rise across all thermocouples for each individual test shot was success-
fully calculated and filtered with a moving average to reduce noise. Figures B.2 and B.3 in
Appendix B compare the averaged and raw temperature data for each instrumented test
shot, with figure 6.7 included above as a quick reference example. All sub-figures in figures
B.2 and B.3 were useful in illustrating the different stages of flow over the scale model.
The sharp arrival of the acceleration gas is evident in each experiment for approximately
the first 50µs from initial temperature increase. The acceleration gas is typically much
hotter than the test flow, resulting in a short, sharp temperature increase. The test gas of
interest to this study immediately proceeds the acceleration gas, and is at a much lower
temperature. This appears to occur from approximately 50 - 100 µs for each experiment.
This indicates a test time of approximately 50 µs, agreeing with visual observation of
the flow in section 6.2.3. An interesting observation is that the temperature during the
test flow appears to fluctuate consistently, most clearly seen on sub-figures B.2c and B.3c.
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This would appear to agree with the observations made in section 6.2.3, which mention
the visual fluctuation in test gas intensity during the test time and it’s possible effect on
temperature and heat transfer. Finally, after approximately 150 µs from initial temper-
ature increase, the driver gas arrives causing all temperatures to increase rapidly to the
cut-off limit imposed by the data-logging equipment.
The shape of the recorded fluctuations during the test time is clearly seen in all ther-
mocouple channels. This very likely means that the fluctuations in temperature were a
result of the flow condition itself, and not due to error in thermocouple measurement. The
magnitude of the temperature at each thermocouple varied between shots, with some in-
dicating that TC 2 was hotter than TC 1 (the stagnation point) and others the opposite.
Similiar variations were evident for TC 5 and 6. In general, the temperature appeared to
decrease from the TC 1 down to TC 5, with an increase on TC 6.
6.5 Scale Model Heat Transfer Results
With the temperature data successfully collected and averaged (refer to section 6.4.1),
impulse response filtering (IRP) was applied to calculate the heat transfer. As described
in section 2.4, IRP was developed by Martin Oldfield at Oxford University. For processing
purposes, the thermocouples were treated as simple semi-infinite heat transfer gauges and
the matching processing files to suite this assumption were utilised. The thermal product
of the type-E thermocouples utilised for calculating the heat transfer from measured
thermocouple temperature was chosen in accordance with equation 6.2 [5].
√
ρck = 9800J/m2/K/s0.5 (6.2)
6.5.1 Individual Channel Heat Transfer
The calculated heat transfer for each individual thermocouple, for shots x2s3303-3308 and
x2s3323 was plotted on figures 6.8 to 6.13. Vertical lines indicating the 50 µs test flow
period were also included, as per the observations made in sections 6.2.3 and 6.4.2. The
time-scale was adjusted for each data set so that the acceleration gas arrived at 0 µs.
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Noisy data was omitted.
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Figure 6.8: TC1 Heat Transfer
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Figure 6.9: TC2 Heat Transfer
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Figure 6.10: TC3 Heat Transfer
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Figure 6.11: TC4 Heat Transfer
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Figure 6.12: TC5 Heat Transfer
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Figure 6.13: TC6 Heat Transfer
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6.5.2 Averaged Heat Transfer
The heat transfer data within the specified test time shown on figures 6.8 to 6.13, was
averaged for each individual shot. The overall average for each thermocouple was then
calculated from this dataset of averages, along with a 95% confidence interval based on the
standard deviation of the mean. Table 6.5 outlines the calculated averages and confidence
intervals for each thermocouple.
Table 6.5: Heat Transfer Averages and Confidence Interval
Individual Shot Averages, MW/m2
3303 3304 3305 3306 3307 3308 3323
Total Avg.
MW/m2
95%
CI
TC 1 - - 27.47 39.44 28.38 20.09 - 28.84 ±15.64
TC 2 - 13.19 14.21 32.99 14.05 11.36 18.89 17.45 ±15.70
TC 3 14.68 10.69 11.13 27.32 17.52 12.76 14.02 15.45 ±11.21
TC 4 13.17 2.06 12.63 27.93 26.70 13.81 12.62 15.56 ±17.63
TC 5 24.25 1.74 7.33 12.49 9.94 5.11 6.33 9.60 ±14.33
TC 6 20.41 16.02 30.60 - 11.54 14.34 10.41 17.22 ±14.60
To visualise the data in table 6.5, a plot was made which compared calculated heat transfer
against horizontal thermocouple position on the scale model, shown in figure 6.15. Figure
6.14 illustrates the horizontal position of each thermocouple relative to the scale model.
Figure 6.14: Scale Model Themocouple Positions
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Figure 6.15: Scale Model Heat Transfer
6.5.3 Discussion of Heat Transfer Results
Regarding Thermocouple 1:
Figure 6.8, in comparison to the other plots, was by far the cleanest and simplest heat
transfer response. The acceleration gas, test gas and driver gas portions of the flow were
easy to identify. The test time clearly extended from 50 - 100 µs, corroborating with
observations made in sections 6.2.3 and 6.4.2. Due to noise inherent with thermocouple
1 for earlier experiments such as x2s3303 and 3304, figure 6.8 only showed the calculated
heat transfer for shots x2s3305-3308. Nonetheless, the data showed mostly steady heat
transfer during the test time for all shots. The largest and smallest heat transfer occurred
in shots x2s3306 and x2s3308 respectively, as shown in table 6.5. This corroborated with
the acceleration tube shock speed plot, figure 6.2, which illustrated that shots x2s3306
and x2s3308 were the fastest and slowest respectively.
The heat transfer at thermocouple 1 was expected to be simplest case as it was the stag-
nation point of the flow, and was expected to experience the highest heat load. Table
6.5 confirmed this, illustrating a mean heat transfer of 28.84 MW/m2. This may have
lead to a higher signal level resulting in the cleaner response compared to figures 6.9 - 6.13.
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Regarding Thermocouple 2:
The heat transfer response shown on figure 6.9 illustrated a large fluctuation during the
test time. On first impressions, this response may appear to be non-coherent. However,
the same response shape is obtained from 6 independent shots, which indicates that the
fluctuation is likely to be characteristic of the test flow. This corroborates with observa-
tions made in sections 6.2.3 and 6.4.2 regarding fluctuations in the test flow. Once again,
shot x2s3306 corresponded to the largest heat transfer. The mean heat transfer at ther-
mocouple 2, as shown in table 6.5, was the second highest, calculated as 17.45 MW/m2.
Regarding Thermocouple 3:
Figure 6.10 illustrated the heat transfer calculated for thermocouple 3. This response
was similiar to that of thermocouple 2, with a fluctuation in heat transfer apparent for
all data sets during the test time. The shape of this fluctuation was not as consistent
compared to thermocouple 2, in terms of the location of the peaks and troughs of heat
transfer. This may either indicate a variation in the response time of thermocouple 3,
or slight variations in the flow properties at thermocouple 3 between shots. Again, the
fastest shot x2s3306 corresponded to the largest heat transfer. The mean heat transfer at
thermocouple 3, as shown in table 6.5, was 15.45 MW/m2.
Regarding Thermocouple 4:
Thermocouple 4, shown in figure 6.11, exhibited a much steadier test time heat transfer
than 2 or 3. Data from every experimental shot was included for this thermocouple, re-
sulting in a wide range of average heat transfers. The data from shot x2s3304 resulted
in negative heat transfer, and an average of 2 MW/m2, which was most likely incorrect.
Once again, shot x2s3306 resulted in the highest heat transfer. The mean heat transfer
was calculated to be 15.56 MW/m2, as shown in table 6.5. This was slightly higher than
thermocouple 3. It also had the largest confidence interval due to the wide range of heat
transfer values.
Regarding Thermocouple 5:
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Thermocouple 5, shown in figure 6.12, also exhibited a relatively steady test time heat
transfer. The majority of results were closely grouped, with outliers being shot x2s3303
and x2s3304. Both of these data sets were significantly noisier than shots x2s3305-x2s3323,
which may explain their relatively extreme results. The mean heat transfer was calculated
as 9.6 MW/m2, which was the lowest out of all the thermocouples, as shown in table 6.5.
Regarding Thermocouple 6:
The heat transfer measured by thermocouple 6, shown in figure 6.13, also had a wide
range of recorded heat transfer levels during the test time. Unlike other thermocouples,
the response shape didn’t appear to follow a pattern as consistent as thermocouple 5 or
4. This might be attributed to the age of thermocouple 6, which had been previously
utilised in a campaign prior to shots x2s3303-3323. Thermocouple 6 was also from an
earlier batch than thermocouples 1 to 5, and so it’s performance may have been inferior.
Alternatively, the test flow over the flap may have experienced large variations. Table 6.5
showed that the mean heat transfer measured by thermocouple 6 was 17.22 MW/m2.
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6.6 Comparison of Experimental and CFD Heat Trans-
fer
The CFD calculated heat transfer completed by Pezzella et al., 2012 was modified to
produce figure 6.16. This data shows the fully catalytic wall heat transfer to the underside
of the IXV along its centerline, for a Mach 25 re-entry at 45◦ AoA and 10◦ flap angle.
The centerline data didn’t include the flaps, due to the slight gap between them. As such,
CFD data for a cross-section directly next to the centerline was included, to show the
heat transfer to the flaps.
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Figure 6.16: CFD Heat Transfer, modified from [16]
The calculated scale model heat transfer from section 6.5.2, in it’s current form, cannot
be easily compared to figure 6.16. The magnitude of heat transfer and x-position along
the IXV must be adjusted to represent a full scale case.
As described in section 2.2, the scale model heat transfer must be divided by the model
scaling factor, Sf , in order to represent a full scale case. The positions of the thermocou-
ples were, in contrast, multiplied by Sf in order to represent the corresponding full scale
positions. Figure 6.17 shows the adjusted experimental data plotted against the CFD
results from figure 6.16. Table 6.6 compares this data.
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Figure 6.17: Comparison of Experimental and CFD Heat Transfer
Table 6.6: Comparison of Experimental and CFD Heat Transfer
Full Scale
Adjusted Average,
MW/m2
95%
CI
CFD Value,
MW/m2
Difference,
MW/m2
% Difference
from CFD
TC 1 0.554 ±0.300 0.448 0.106 23.66
TC 2 0.335 ±0.302 0.200 0.135 67.5
TC 3 0.297 ±0.215 0.198 0.099 50
TC 4 0.299 ±0.339 0.1755 0.1235 70.37
TC 5 0.184 ±0.275 0.1398 0.0442 31.6
TC 6 0.331 ±0.280 0.202 0.19 63.86
Averages 0.116 51.165
6.6.1 Discussion of Results Comparison
The comparison of experimental and CFD heat transfer results marks the capstone goal
of this entire thesis. The outcomes from this comparison rely on all decisions, designs and
results from fill condition selection, to data processing.
The scale model heat transfer, outlined in section 6.5, was successfully adjusted by the
model scaling factor to represent a full scale case for both heat transfer and position of
measurement. Figure 6.17 illustrated this adjusted heat transfer data plotted against ac-
cepted CFD results for the same re-entry condition. A number of interesting comparisons
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can be made.
Firstly, the experimental data followed a similiar shape and trend to the CFD results.
This was an excellent outcome, as it indicates that:
1. The scale IXV model produced a representative flow environment of the full scale
IXV along its centerline,
2. The scaled X2 fill condition was somewhat representative of the full-scale re-entry,
3. The type-E thermocouples were ultimately successful in measuring the temperature
rise on the scale model, and
4. The Impulse Response Processing method was successful in producing reasonable
heat transfer results.
Of course, while the trend was similiar there were a number of obvious differences. The
first, and largest of these is the vertical offset between the CFD and experimental results.
This was visualised on figure 6.17, and quantified in table 6.6, showing that the exper-
imental results were consistently larger. The average difference between the results was
0.116 MW/m2, with the average percentage difference normalised by the CFD results
being 51.165 %. There are a number of compounding reasons that may describe this
positive offset:
1. The chosen value of thermal product,
√
ρck, used to calculate the heat transfer
at each thermocouple, is an approximation at best [5]. The actual value depends
on the thermocouple design and dimensions, with an estimate of variation being
8900± 600J/m2/K/s0.5 [5]. Determining the specific value was out of scope for this
project.
2. The mean experimental heat transfer values were calculated from a data set with a
large confidence interval, as shown in figure 6.17.
3. The mean heat transfer results were dependent on the performance of a previously
unproven thermocouple design, which may have responded differently than assumed
during data processing.
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4. The specific scaling factor of Fs = 1/52, while accurate in terms of model dimensions,
may not apply as accurately to the flow conditions as assumed.
5. While total enthalpy, Ht, was matched for the re-entry condition, the achieved post
equilibrium shock density, ρ10,e, was 19.48% below the nominal scaled value.
6. Design simplifications for the IXV model’s flap may have resulted in higher than
expected heat transfer on thermocouple 6.
Other less obvious differences, such as the heat transfer at thermocouple 4 being slightly
higher than at thermocouple 3 may also be explained due to the large confidence interval
and variation in results, outlying data and simple experimental error.
A sensitivity analysis to investigate the effects of different thermocouple thermal product
and sensitivity, and variations in the scaling factor is recommended for future work.
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7.1 Conclusions
The thesis project ‘Expansion Tunnel Heat Transfer Measurements of the ESA-IXV Re-
entry Vehicle’ was a success. The five main goals outlined at the beginning of the project
were all successfully fulfilled, with the overall outcome of experimental heat transfer re-
sults being compared against CFD data for the peak heating re-entry condition.
Goal 1, which was the successful creation of a representative scale IXV model, was com-
pleted. A 1/52 scale model of the IXV, for a 45 ◦ AoA and 10◦ flap angle was successfully
designed and built. The model was simplified to represent only the centerline flow of the
full scale IXV, with the complexity of the flaps also being reduced and any unnecessary
model geometry being truncated. This resulted in a much simpler and cheaper model to
both build and mount. The model housed six type-E thermocouples, which were spaced
from the stagnation point on the nose, down to the center of the flap. A simple mounting
scheme was also designed. Engineering drawings for both the model and mounting hard-
ware in Appendix A were produced, and all parts were successfully manufactured.
Goal 2, which was the successful replication of scaled post shock peak heating re-entry
conditions within X2, was also a success. The re-entry trajectory point of M∞ = 24.67 at
75.423 km altitude was chosen, as it represented the peak heating period of re-entry and
also corresponded to an existing CFD analysis. Using binary scaling to account for the
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reduction in characteristic length on the scale model, the post-shock flow conditions at
the stagnation point were theoretically determined. These were used in conjunction with
PITOT numerical code to estimate the required X2 driver configuration and fill pressures
that were likely to produce the required flow conditions. After testing two of these condi-
tions, and optimising the PITOT results, the final X2 fill condition was determined. The
driver configuration was 90% Helium, 10% Argon, with the 1.2mm thick diaphragm. The
shock and acceleration tube fill pressures were 4 kPa and 24 Pa respectively. In total,
the final condition matched the required total enthalpy of Ht = 25.19 to within 0.3747%,
however the equilibrium post shock density of ρ10,e = 0.02434kg/m
3, was undershot by
19.483 %.
Goal 3, which was the successful experimentation of the scale model within X2, was com-
pleted. The instrumentation that was required to do so was outlined in copious detail.
This included the reasoning behind setting the amplifier gain to 2000, to wiring diagrams
for both the hand built wiring harnesses and individual thermocouples, to the design of
an adapter plate to replace the faulty 25-way ports on X2. The methodology utilised to
complete all the experimental shots was detailed, and experimental data for both ther-
mocouple temperatures and resistances was successfully stored.
Goal 4 revolved around the gathered experimental results for determining the performance
and viability of the new type-E thermocouples utilised during experimentation. This was
successfully completed. Thermocouple resistances were recorded before every shot, and
this illustrated that over time, the thermocouple junctions actually became more robust.
This is thought to be due to the re-burnishing which was applied after every shot, leading
to an accumulation in junction size. In terms of voltage response, the thermocouples illus-
trated consistent response shapes corresponding to test flow fluctuations. In conclusion,
it was determined that the type-E thermocouples were both very robust, long lived and
reliable in their temperature response.
Goal 5 revolved around comparing the experimental heat transfer to CFD results. This
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was also successfully completed. The individual temperature responses were converted
to heat transfer using Martin Oldfield’s IRP package. The heat transfers for each ther-
mocouple were then averaged, and finally divided by the model scaling factor to convert
them to a full scale representation. The results were very surprising, with the trend in
heat transfer along the scale model following a very similiar shape to the CFD data. The
maximum experimental heat transfer was found to be at the stagnation point, with a
value of 0.554 MW/m2, as compared to 0.448 Mw/m2 for the CFD data. The exper-
imental results were consistently higher in value for each position along the IXV, with
an average positive offset of 0.116 MW/m2 compared to the CFD results. It was noted
that this offset may have been due to a combination of potential errors, such as unknown
variations in the thermal product for the type-E thermocouples, large variations in tem-
perature data, or an inaccurate model scaling factor which didn’t represent the flow as
expected. Overall, however, these results indicated that the entire experimental campaign
was a success!
7.2 Recommendations
It was noted from the recorded temperature and heat transfer results, as well as the high
speed photographs, that the specific fill condition utilised resulted in a relatively un-steady
test flow. Consistent fluctuations in test flow intensity were noted between shots, both
through high speed images and common trends in the measured thermocouple tempera-
tures. For the purposes of testing the type-E thermocouples, it is recommended that a
more intense, steadier test condition be utilised, in order to exhibit a greater and steadier
response from the thermocouples.
The final recommendation is that a sensitivity analysis be conducted to investigate why
the experimental heat transfer results were consistently higher than the CFD results.
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SECTION B.1. NORMALISED TEMPERATURE DATA
B.1 Normalised Temperature Data
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(a) Shot x2s3303
0 100 200 300 400 500 600
0
10
20
30
40
50
60
70
80
90
100
Normalised Temperature Plot x2s3304
Time, µs
T
h
er
m
o
co
u
p
le
T
em
p
er
a
tu
re
,
◦
C
TC1
TC2
TC3
TC4
TC5
TC6
(b) Shot x2s3304
0 100 200 300 400 500 600
0
10
20
30
40
50
60
70
80
90
100
Normalised Temperature Plot x2s3305
Time, µs
T
h
er
m
o
co
u
p
le
T
em
p
er
a
tu
re
,
◦
C
TC1
TC2
TC3
TC4
TC5
TC6
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(e) Shot x2s3307
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Figure B.1: Normalised Temperature for shots x2s3303-3308
85
SECTION B.2. AVERAGED TEMPERATURE DATA
B.2 Averaged Temperature Data
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Figure B.2: Averaged vs. Raw Temperature Data x2s3303-3305
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SECTION B.2. AVERAGED TEMPERATURE DATA
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Figure B.3: Averaged vs. Raw Temperature Data x2s3306-3308
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